A meta-analysis of the association of estimated GFR, albuminuria, age, race, and sex with acute kidney injury. 
Acute kidney injury (AKI) is increasingly recognized as a serious problem in global public health. 1 Although estimates of AKI incidence in the general population are sparse, AKI occurs in 3.2%-9.6% of hospital admissions 2,3 and 2.1%-22.1% of prevalent intensive care unit patients 4 worldwide. Furthermore, AKI is associated with substantial morbidity, including prolonged hospital stay, end-stage renal disease (ESRD), earlier stages of chronic kidney disease (CKD), and short-and long-term mortality. 3, 5, 6 Certain patient characteristics may predispose to AKI. Chronic kidney disease, assessed as decreased estimated glomerular filtration rate (eGFR) or elevated albuminuria, has been linked to increased AKI risk. [7] [8] [9] [10] Similarly, older age, male sex, and African American race have been associated with higher risk of AKI. [11] [12] [13] The generalizability of existing studies investigating demographic risk factors is limited, with most estimates derived in single cohorts. In addition, little attention has been paid to how demographic associations may vary over the spectrum of kidney function. Thus, the objectives of this study were to evaluate the associations of eGFR and albuminuria with AKI in a large global consortium of studies, as well as to investigate the relative importance of age, sex, and race across the full range of eGFR and albuminuria.
METHODS

Design Overview
Study data were obtained by the Chronic Kidney Disease Prognosis Consortium (CKD-PC) for meta-analysis as previously described. 10, [14] [15] [16] [17] Cohorts with baseline measures of eGFR and albuminuria, at least 1000 participants (not applied to cohorts preferentially enrolling persons with eGFR <60 ml/min/1.73 m 2 ), and at least 50 AKI events were eligible for inclusion. This study was approved for use of de-identified data by the Institutional Review Board at the Johns Hopkins University Bloomberg School of Public Health (IRB number: 3324).
Settings and Participants
Thirteen studies met eligibility criteria. All cohorts were included in analyses of AKI incidence and the risk associated with eGFR, but only those with measured risk factors or populations relevant for the comparison of interest were included in analyses of ACR, age, sex, and race (e.g., studies measuring proteinuria by dipstick were not included in continuous analyses of ACR, and the all-male Uppsala Longitudinal Study of Adult Men [ULSAM] was not included in the analysis by sex). For the present study, only participants with baseline eGFR >15 ml/min/1.73 m 2 were included, and participating studies were categorized as either general population or CKD cohorts, reflecting the distribution of eGFR and ACR.
Interventions
The eGFR was calculated using creatinine concentrations (standardized when possible to isotope dilution mass spectrometry) and the 2009 CKD Epidemiology Collaboration (CKD-EPI) creatinine equation. 18 The preferred measure of albuminuria was urine albumincreatinine ratio (ACR); however, cohorts with quantitative dipstick protein were also included in analyses of eGFR, adjusting for ordinal category of dipstick results. In categorical analyses, dipstick test results of negative, trace, 1+, and ≥2+ were considered equivalent to an ACR of <10, 10-29, 30-299, and ≥300 mg/g, respectively, 19, 20 and the groups of ACR <30, 30-299, and ≥300 mg/g were referred to as no albuminuria, moderately-increased albuminuria, and severely-increased albuminuria. 21 Age, sex, and race were self-reported, with the former categorized as 18-54, 55-64, 65-74, and ≥75 years in interaction analysis, and the latter categorized as African American and non-African American (95% of non-African American participants were Caucasian) when used as a covariate in adjustment and African American and Caucasian when used as a covariate in the interaction analysis.
Outcomes and Follow-up
The primary outcome was diagnostic code-defined AKI, determined as an International Classification of Disease, 9 th Revision, Clinical Modification (ICD-9-CM) code of 584.x or an International Classification of Disease, 10 th Revision, Clinical Modification (ICD-10-CM) code of N17.x associated with a hospitalization. These codes have been validated previously in the United States, Israel, and Canada, with lower sensitivity (range, 17%-80%) but high specificity (range, 96%-100%). [22] [23] [24] Sensitivity was generally higher for more severe disease. 25 Follow-up was censored at the development of ESRD, death, or lossto-follow-up.
Statistical Analysis
Analyses were performed by two-stage meta-analysis. At the first stage, each study was analyzed individually, using all participants aged 18 years or older with baseline eGFR and albuminuria. Missing values for covariates other than age, sex, and race were estimated using mean imputation. Variables missing in >50% of the cohort were not included as covariates (Item S1, available as online supplementary material). Cox proportional hazards models were fitted on eGFR linear splines (knots at 30, 45, 60, 75, 90, and 105 ml/min/1.73 m 2 ), log-transformed ACR splines (knots at 10, 30, and 300 mg/g for general population cohorts; knots at 30, 300, and 1000 mg/g for CKD cohorts), age, sex, race, BMI, smoking, diabetes, systolic blood pressure, history of cardiovascular disease, and total cholesterol. Due to small sample size in the analyses by race, the upper and lower knots in eGFR were omitted for these models. The overall relationship between eGFR and AKI was then determined, calculating the hazard ratios (HRs) at each 1-ml/min/1.73 m 2 increment. Next, the interactions between eGFR and each risk factor (age, sex, or race) were determined by including the eGFR-risk factor product term in the Cox model. For cohorts with ACR, a similar method was used to estimate the risk associated with ACR and the interactions between ACR and each risk factor. For analyses of general population cohorts, a reference eGFR of 80 ml/min/1.73 m 2 and ACR of 5 mg/g were used, as described previously. 26 For analyses of CKD cohorts, a reference eGFR of 50 ml/min/1.73 m 2 and ACR of 50 mg/g were used. Heterogeneity of effects was investigated using the I 2 statistic.
At the second stage, estimates from each cohort were pooled using a random-effects model, with each study receiving a weight corresponding to the inverse of the variance of each spline coefficient. Pointwise interaction was estimated as the ratio of HRs in each age, sex, or race category compared with the reference category (age 55-64 years, male sex, and Caucasian race, respectively) at each 1-ml/min/1.73 m 2 increment of eGFR or 8% increment in ACR. The adjusted incidence rates at eGFR 80 ml/min/1.73 m 2 and ACR 5 mg/g were estimated as the weighted-average study-specific incidence rates for the reference category of each risk factor (age 55-64 years, male sex, and Caucasian race) as previously described. 26 This value was treated as a fixed reference point, and the adjusted incidence rate at each increment of eGFR and ACR was estimated as the product of the fixed reference and the meta-analyzed HRs. Finally, pooled HRs in 7 categories of eGFR (15-29, 30-44, 45-59, 60-74, 75-89, 90-104, ≥105 ml/min/1.73 m 2 ) and 4 categories of ACR (<10, 10-29, 30-299, ≥300 mg/g) were compared across age, race, and sex categories to assess overall interactions. Multiplicative interactions with p-values <0.05 were considered significant. All analyses were performed using Stata version 13.1 MP (StataCorp LP).
RESULTS
Baseline Characteristics
Thirteen cohorts from 8 different countries comprising 1,364,568 participants met eligibility criteria (Table 1 and Table S1 ). The 8 general population cohorts had 1,285,049 participants and 16,480 cases of AKI during a mean follow-up of 4 years. Among these cohorts, average eGFR was 90 ml/min/1.73 m 2 , and 7% had ACR ≥ 30 mg/g (or dipstick proteinuria ≥ 1+). The 5 CKD cohorts had 79,519 participants with 2,087 cases of AKI over a mean follow-up of 1 year. Among the CKD cohorts, average eGFR was 63 ml/min/1.73 m 2 , and 55% had ACR ≥ 30 mg/g (or dipstick proteinuria ≥ 1+).
Participants with AKI had lower average eGFR and a greater likelihood of ACR ≥30 mg/g than those without AKI in all individual cohorts. In the general population cohorts, persons with AKI were older, more often male, and more often African American. These associations were not present in the CKD cohorts, where there was more between-study heterogeneity in the crude associations of age, sex, and race with AKI.
Overall Associations of eGFR and ACR With AKI
In pooled meta-analysis of general population cohorts, the relationship between eGFR and AKI risk was nearly linear between eGFR 90 and 15 ml/min/1.73 m 2 ( Figure 1 , panel A).
For example, at eGFR 45 ml/min/1.73 m 2 , the risk of AKI was consistently elevated compared with eGFR 80 ml/min/1.73 m 2 (pooled HR, 3.35; 95% CI, 2.75-4.07; p<0.001), albeit with some variation in effect size across cohorts ( Figure S1 , panel A). Higher levels of ACR were also nearly linearly associated with higher AKI risk ( Figure 1 , panel B), with most cohorts showing elevated risk at ACR 300 mg/g compared with ACR 5 mg/g (pooled HR, 2.73; 95% CI, 2.18-3.43; p<0.001) ( Figure S1 , panel B). The presence of moderatelyor severely-increased albuminuria was associated with higher AKI risk across the range of eGFR ( Figure 1 , panel C), with a small but significant attenuation in effect at lower eGFR ( Figure S1 , panels C and D). In categorical analyses in the general population cohorts, risk for AKI was significantly higher in most categories defined by lower eGFR or higher ACR ( Figure 1 , panel D). The relationships of eGFR and ACR with AKI risk were similar in the CKD cohorts ( Figure S2 ).
Associations by and of Age With AKI
In the general population cohorts, lower eGFR and higher ACR were associated with higher AKI risk in all age groups ( Figure 2 , panels A and C). Older age itself was associated with higher risk for AKI at eGFR 80 ml/min/1.73 m 2 ; at eGFR < 60 ml/min/1.73 m 2 , adjusted HRs in each age category overlapped, with minimal variation across studies (overall interaction compared with reference age 55-64 years: p=0.001 for ages 18-54, p<0.001 for age 65-74, and p<0.001 for age 75 years and older) ( Figures S3 and S4) . Similarly, the association of age and AKI was attenuated at higher levels of ACR (overall interaction compared with reference age 55-64 years: p=0.1 for age 18-54, p=0.07 for age 65-74, and p=0.05 for age 75 years and older) ( Figures S5 and S6 ). In categorical analysis in the general population cohorts, the HRs associated with lower eGFR and higher ACR were smaller in older age groups (Table S2) . In CKD cohorts, there was little difference by age in AKI risk across the range of eGFR and ACR, consistent with the observed attenuation in lower eGFR and higher ACR in general population studies ( Figure S7 ). On the absolute scale using general population estimates, the adjusted incidence rate of AKI increased sharply at eGFR < 60 ml/min/1.73 m 2 and nearly linearly with a fold-increase in ACR. Older age groups had higher rates of AKI at eGFR 80 ml/min/1.73 m 2 and ACR 5 mg/g, but this was not observed at eGFR 45 ml/min/1.73 m 2 or ACR > 300 mg/g (Figure 2 , panels B and D).
Associations by and of Sex With AKI
In the general population cohorts, lower eGFR and higher ACR were associated with higher AKI risk in both men and women (Figure 3 , panel A and C). Here, men had higher risk of AKI at all levels of eGFR ( Figure S8 and S9) and ACR (Figures S10 and S11), although this appeared attenuated at lower eGFR but not for higher ACR (overall interaction: p<0.001 for eGFR, p=0.9 for ACR). In categorical analysis of the general population cohorts, the association of categories defined by lower eGFR or higher ACR was slightly stronger among women (Table S3 ). In CKD cohorts, male sex was associated with higher AKI risk at eGFR > 40 ml/min/1.73 m 2 and ACR < 300 mg/g ( Figure S12 ). On the absolute scale using general population cohort estimates, the adjusted incidence rates of AKI increased with eGFR < 60 ml/min/1.73 m2 and linearly with a fold-increase in ACR, and men had higher adjusted incidence rates than women at all levels of eGFR and ACR ( Figure 3 , panels B and D).
Associations by and of Race With AKI
Few studies had sufficient numbers of AKI events in both African American and white participants to allow analyses by race (2 in the general population cohorts, and 2 in the CKD cohorts), limiting power (Figures S13-S16). The overall association of lower eGFR and higher ACR with higher AKI risk persisted by category of race. African Americans had higher risk of AKI than whites at higher eGFR in the general population cohorts; however, CIs overlapped at lower eGFR ( Figure 4, panel A) . In contrast, African Americans had higher AKI risk than whites in the upper but not lower range of ACR ( Figure 4 , panel C). In categorical analyses in the general population cohorts, there was little evidence to suggest an interaction of eGFR or ACR with race in risk for AKI (Table S4) , and results of analyses in CKD cohorts were similar ( Figure S16 ). On the absolute scale using general population estimates, African Americans had higher absolute risk of AKI at eGFR 80 and 45 ml/min/ 1.73 m2 as well as at ACR 5 and 300 mg/g (Figure 4 , panel B and D; Fig S17) .
DISCUSSION
This collaborative meta-analysis of over 1 million participants from 8 countries treated in a variety of settings demonstrates that low eGFR and high albuminuria are robust risk factors for AKI. The associations of lower eGFR and higher albuminuria with AKI were consistent in nearly all general population and CKD cohorts, and within categories of age, sex, and race. Older age, male sex, and African American race were associated with increased risk of AKI in the normal range of kidney function, but the associations were attenuated in the lower range of eGFR (for older age and male sex) and higher range of ACR (for older age).
These results suggest the primacy of low eGFR and high ACR in AKI risk stratification-an observation that could guide preventative efforts.
The present study expands on previous work demonstrating associations between kidney measures and AKI risk. Earlier population-based studies (including a meta-analysis of 4 cohorts by the CKD Prognosis Consortium) linked AKI to lower eGFR as assessed by the Modification of Diet in Renal Disease (MDRD) Study equation. [8] [9] [10] [11] The current metaanalysis evaluates this relationship among 1 million participants from 13 cohorts and 8 countries using the CKD-EPI equation to estimate GFR-an equation with improved performance over the MDRD Study equation, particularly among younger people. 18 Furthermore, we show that the eGFR-AKI relationship, as well as that between albuminuria and AKI, is robust across study type (including CKD versus general population cohort) and location, and subgroups of age, sex, and race.
There are several possible mechanisms for the association of kidney function markers and AKI. Iatrogenic complications occur more commonly in persons with reduced eGFR. 27 Lower eGFR is a risk factor for hospitalization, which is itself a risk factor for AKI. 13 In addition, many medications requiring dose adjustment at lower eGFR have been implicated as potential precipitants of AKI. With respect to the association between albuminuria and AKI, some postulate that persons with albuminuria have chronic proximal tubular stress in the setting of maximal albumin reclamation, and thus are predisposed to proximal tubular injury. 28 The association between albuminuria and AKI, while previously demonstrated, is likely under-recognized by clinicians, and might represent a major target for AKI prevention campaigns. Improvements in AKI risk assessment through routine testing of albuminuria prior to surgery or iodinated contrast exposure might result in reductions in AKI incidence in these settings.
An interesting finding from our study is the strong association of older age with AKI in the absence but not presence of CKD. Although older age has been previously implicated as a risk factor for AKI, including numerous population-based studies and surgical cohorts, to our knowledge it has not been examined over the entire spectrum of kidney function. Even with normal kidney function, older persons are hospitalized, 29 undergo surgery, 30 and develop cancer 31 more often than younger persons, and they tend to take more medications, 32, 33 increasing the possibility of iatrogenic events. 34 Older persons have higher rates of medical encounters than younger persons, at least on average, and thus an AKI event in an older person may be more likely to be identified. 29 Finally, the sensitivity of AKIrelated diagnostic codes may be higher in older persons compared with younger persons. 25 However, while the latter two points could explain the risk association of older age and AKI, the shape of the association between eGFR and AKI risk within age groups should be accurate in the absence of differential association by kidney measures.
Our study also suggests that male sex and African American race are independent risk factors for AKI, consistent with unadjusted analyses from the US Renal Data System (USRDS). 12 In the USRDS-reported Medicare (age ≥66 years), Truven Health MarketScan (age <65 years) and Clinformatics (age <65 years) populations, men made up 47%, 60%, and 61% of the cases of AKI, respectively, although these proportions were not adjusted for Grams et the sex distribution in the underlying population. Similarly, rates of AKI in Medicare patients were consistently higher among those of black/African-American race. Disparities in income and health insurance may partially explain AKI disparities by race, 13 but it is unlikely that a similar explanation applies to the disparities by sex. Men face greater risk of cardiovascular events, and treatment for such events tends to be more aggressive in men than women, 35 with greater use of angiography, a common proximate cause of AKI. Alternatively, prostate cancer is one of the most common cancers among men, with an estimated 15.3% of men expected to be diagnosed during their lifetime; 36 both prostate cancer and its treatment are associated with AKI. 37 There are certain strengths to this study. To our knowledge, it is the largest study to date to examine the association of eGFR, ACR, and AKI. The study population includes more than 1 million participants with eGFR across the full spectrum of kidney function, with representation from 13 cohorts and 8 countries. The associations between eGFR, ACR and AKI were robust across individual cohorts as well as within categories of age, race, and sex. Analyses were carried out in a uniform manner with adjustment for major risk factors; interactions between kidney function and age, sex, and race were assessed on both the multiplicative and additive scales.
On the other hand, AKI was identified by diagnostic code only, a method which is highly specific but relatively insensitive. 22 Diagnostic codes have been validated in some but not all cohorts, and it is possible that validity varies by baseline CKD status, demographic factors, or cohort setting, with the latter explaining some of the heterogeneity between cohorts. However, it is reassuring that relationships were qualitatively similar across cohorts and between type of cohort. Because no measures of hospitalized creatinine or the use of dialysis were available, stratification by AKI severity was not possible. It is likely that diagnostic codes capture a more severe phenotype of AKI; thus, our results may not be generalizable to smaller changes in serum creatinine. Cause of AKI was not documented; thus, differentiation of potentially preventable etiologies of AKI (such as contrast-induced AKI) was not possible. Only two general population cohorts could contribute to analyses examining the risk of AKI by race; the cohorts with African Americans were US-based and thus results may not be generalizable to other countries. Finally, the random effects models used in meta-analysis are appropriately conservative but generally yield wider CIs than analyses done with a single cohort of comparable size.
Better methods for risk stratification may be critical in reducing the worldwide incidence of AKI. Although AKI is a general term encompassing a wide range of clinical entities and disease severity, 38 epidemiologic evidence has linked even mild, reversible changes in serum creatinine to adverse outcomes. 39, 40 Other than supportive care, there is no effective treatment for AKI; thus, risk stratification based on inherent susceptibilities may be paramount in guiding preventative strategies. 41 For example, a recent review recommended universal preoperative AKI risk assessment, with subsequent avoidance of nephrotoxins and optimization of intraoperative hemodynamics in those patients categorized as high risk. 42 Furthermore, although available interventions are limited at present, accurate assessment of AKI risk is fundamental to the design of adequately powered clinical trials.
In conclusion, the present study demonstrates that measures of kidney function-namely, eGFR and ACR-were strongly and robustly associated with AKI risk across a wide range of settings. Although older age and male sex were also associated with AKI, these associations were attenuated in the presence of CKD. Acute kidney injury risk stratification by kidney measures may be more useful than stratification by age, sex, or race.
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Supplementary Table S4 Adjusted hazard ratios of acute kidney injury in the general population cohorts by level of estimated glomerular filtration rate (eGFR) and albuminuria in continuous (panels A, B, and C) and categorical (panel D) analysis. In the panel C, bold lines indicate statistical significance compared to the reference (black diamond) at eGFR 80 ml/min/1.73 m 2 in the no albuminuria group, defined as urine albumin-creatinine (ACR) <30 mg/g or urine protein dipstick <1+. Stars along the x-axis represent significant pointwise interactions: the relative risk associated with a particular category of albuminuria compared to the no albuminuria category at that value of eGFR is significantly different than the corresponding relative risk seen at eGFR 80 ml/min/1.73 m 2 . A graph without stars would reflect parallel risk associations. Hazard ratios (HRs) are derived from meta-analyses of the general population cohorts and are adjusted for sex, race, body mass index, systolic blood pressure, total cholesterol, history of cardiovascular disease, diabetes, and smoking status. The tables represents adjusted HRs derived from categorical analysis of the general population cohorts, with bold font representing statistical significance, and color coding by risk quartile.
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FIGURE 2.
Adjusted hazard ratios (panel A and C) and incidence rates (panel B and D) of acute kidney injury in the general population cohorts by level of estimated glomerular filtration rate and urine albumin-creatinine ratio (ACR), within categories of age. In the panels on the left, bold lines indicate statistical significance compared to the reference (black diamond) at estimated glomerular filtration rate (eGFR) 80 ml/min/1.73 m 2 or urine ACR 5 mg/g in ages 55-64 years. Stars along the x-axis represent significant pointwise interactions: the relative risk associated with a particular age category compared to the age category 55-64 years at that value of eGFR or ACR is significantly different than the corresponding relative risk seen at eGFR 80 ml/min/1.73 m2 or ACR 5 mg/g. A graph without stars would reflect parallel risk Adjusted hazard ratios (panel A and C) and incidence rates (panel B and D) of acute kidney injury in the general population cohorts by level of estimated glomerular filtration rate (eGFR) and urine albumin-creatinine ratio (ACR), within categories of sex. In the panels on the left, bold lines indicate statistical significance compared to the reference (black diamond) at eGFR 80 ml/min/1.73 m 2 or urine ACR 5 mg/g in men. Stars along the x-axis represent significant pointwise interactions: the relative risk in women compared to men at that value of eGFR or ACR is significantly different than the corresponding relative risk seen at eGFR 80 ml/min/1.73 m 2 or ACR 5 mg/g. Hazard ratios (HRs) are derived from meta-analyses of the general population cohorts and are adjusted for age, race, body mass index, systolic blood pressure, total cholesterol, history of cardiovascular disease, diabetes, smoking status, and albuminuria. Tables represent adjusted HRs at eGFR 45 and 80 ml/min/ Adjusted hazard ratios (panel A and C) and incidence rates (panel B and D) of acute kidney injury in the general population cohorts by level of estimated glomerular filtration rate (eGFR) and urine albumin-creatinine ratio (ACR), within categories of race. In the panels on the left, bold lines indicate statistical significance compared to the reference (black diamond) at eGFR 80 ml/min/1.73 m 2 or urine ACR 5 mg/g in whites. Stars along the x-axis represent significant pointwise interactions: the relative risk in African Americans compared to whites at that value of eGFR or ACR is significantly different than the corresponding relative risk seen at eGFR 80 ml/min/1.73 m 2 or ACR 5 mg/g. Hazard ratios (HRs) are derived from meta-analyses of the general population cohorts and are adjusted for age, sex, body mass index, systolic blood pressure, total cholesterol, history of cardiovascular disease, diabetes, smoking status, and albuminuria. Tables represent adjusted HRs at eGFR 45 and 80 ml/min/1.73 m 2 and ACR 300 and 5 mg/g. In the panels on the right, lines and tables depict incidence rates (IRs) per 1,000 person-years, adjusted for the same covariates. 
